Background: Since the advent of virtual reality (VR), it has been used in medical education for surgical training and anatomy teaching. Recently, other modalities of extended reality (XR) such as augmented reality (AR) and mixed reality (MR) has also made its way into medical education. Although there has been research validating XR's use in medical education, there have been few studies on the research trends of the different XR modalities. The paper aims to compare the research trends of the XR modalities in general and in terms of the medical fields studied and outcomes measured.
Introduction
Extended reality (XR) can be conceptualized in the form of the reality-virtuality continuum (1) where on one end, there is the real world and on the other end, the virtual world, with a couple of intermediaries in between such as augmented reality (AR) and mixed reality (MR) (Figure 1 ).
Figure 1: Overview of the Extended Reality Continuum (2) There have been reviews studying the effectiveness of virtual reality (VR) and AR simulations in surgical training (3) (4) . It has the potential to improve patient safety and reduce training times (5) . XR has also been used in training skills such as physical exams and intravenous injections (6, 7) . Studies have also shown that XR can complement traditional anatomy teaching (8) .
However, to our knowledge, there is little research comparing the research trends of the modalities of XR. We believe that this can give us insight into where this fast-growing field is heading towards and the factors driving the research.
Thus, this study aims to compare the research trends of the modalities of XR in general and in terms of the medical fields studied and outcomes measured.
We hypothesize that the number of papers published per year as well as the dominant medical education field studied for each modality will correlate to the modality's prevalence in medical education. We have two research questions-firstly, what are the research trends of each modality and secondly, what is the dominant medical education field studied and what are the outcomes measured for each modality?
Methods
We did a literature search on 30 Aug 2018 for articles and proceeding papers on the use of XR in medical education through Web of Science Core Collection, which includes the world's top journals from 1990 to 2018.
The terms used in the field of XR are often used interchangeably. For this study, we define the terms as follows (1): XR is a superset that includes the entire reality-virtuality continuum. VR is a fully digitalized environment. In AR, the central experience is the real world, supplemented by superimposed digital information. In MR, real and virtual worlds are intertwined, and users can interact with both real and virtual objects. In augmented virtuality (AVR), the central experience is the virtual world, supplemented by information from real-world objects.
We define medical education as the teaching, training, and testing of knowledge and skills used by medical students and doctors.
Four searches were done using the following key terms. To search for the literature on VR, we did a title search for ("virtual reality") AND a topic search for ("medical education"). For that of AR, we did a title search for ("augmented reality") AND a topic search for ("medical education"). For that of MR, we did a title search for ("mixed reality") AND a topic search for ("medical education"). For that of AVR, we did a title search for ("augmented virtuality") AND a topic search for ("medical education").
Data were collected from Web of Science analytics to answer our first research question on the general trend in research. This was done before applying our inclusion and exclusion criteria.
To answer our second research question, we screened the title, abstract and full text of each paper. Our inclusion criteria are that the focus of the study must be on XR, used in the context of medical education, with an outcome measured. Studies that only measured participants' perception of the technology were excluded. Skills that overlap with other professions such as nursing, for example, intravenous injection were included. However, all studies on veterinary medicine and dentistry were excluded to keep the focus on medicine. Systematic reviews were excluded. Descriptive papers were excluded as they are mostly on developing technologies.
The papers were then grouped according to the medical education field studied as well as the outcomes measured. A taxonomy based on MeSH (Medical Subject Headings) terms was created to group the papers according to the medical education field studied. To group the papers according to the outcomes measured, we used Miller's pyramid of clinical competence (9) .
Results

Papers identified by search for VR, n=100
Papers identified by search for AR, n=22
Papers identified by search for MR, n=5
Papers screened (title, abstract and full text) Papers included in the analysis for VR, n=31
Papers included in the analysis for AR, n=8
Papers included in the analysis for MR, n=1.
Papers excluded according to inclusion/exclusion criteria for VR n=69, AR n=14, MR n=4 The search generated 100 documents for VR, 22 for AR, 5 for MR and 0 for AVR. There is an increase in the number of papers published and the number of citations per year for VR since 1993. The general trend for the number of papers published for AR is also increasing since 2008. The number of papers published for MR, which first appeared in 2010, is however constant. Since 1993, the most significant number of research is in VR followed by AR and MR.
After screening the title, abstract and full text using our inclusion and exclusion criteria, 31 articles on VR (6, 7, 10-38), eight on AR (8, (39) (40) (41) (42) (43) (44) (45) and one on MR (46) were left for analysis. The field with the highest number of papers for VR is endoscopy followed by anatomy and urogenital surgery whereas that of AR is anatomy, followed by endovascular procedures. The only paper on MR was on the diagnosis. For VR and AR, most of the papers measured the competence "show", followed by "know" and "know-how". The only paper on MR measured "show". There is only one paper that measures "does", which is on VR.
Discussion
General Trend
The amount of research in a modality generally follows its prevalence in medical education, as research is needed to validate their effectiveness. VR is generally considered to be the first modality to be developed followed by AR and subsequently MR which requires more advanced technology (47) . Therefore, their appearance in research follows the same pattern as the first research on VR from our study was in 1993 whereas that of AR was in 2008 and MR in 2010.
The increase in research on VR since 1993 may be due to the increasing computational power following Moore's law, which states that computing power doubles every 24 months (48). In the 1990s, computer chips became more powerful, compact and affordable which allowed the simulation of more realistic virtual images, pushing the adoption of VR in medical education (49) . Other factors include the advancement of communication and display technologies that improved latency and immersion.
The increase in research on AR since 2008 in our study can be attributed to the advent of smartphones (50). Although AR technology has been around since the 1990s such as Virtual Fixtures (51), it is only since 2008 with the introduction of smartphones that the platform for AR, which requires a processor, camera and sensors (52) is made available for the masses. With the introduction of tablets such as the iPad and Google Glasses, the research in AR is ever increasing.
In our study, research on MR appeared in 2010 and has remained constant. Microsoft Hololens introduced in 2016 can be considered one of the first commercially available MR platforms. Since we used Web of Science for our literature search, it limited our search to only the world's top publications. Since MR is still in its developmental stages, much of the papers on it may be descriptive and may not have ended up in top publications.
No papers were found for AVR as it is a new and rarely used term and is in between more popular terms such as VR and MR (1). Technologies that may be classified under AVR may be classified under VR or MR instead.
Endoscopic Surgery-VR vs. AR
Most of the papers on endoscopic surgery used semi-immersive VR surgical simulators. There is only one paper which used AR where a virtual trajectory was overlaid on a screen for trainees to trace using forceps (44) . This may be due to the prevalence of VR surgical simulators such as LapSim in surgical training as they have been around longer. VR surgical simulators such as MIST VR and LapSim were introduced in 1997 (53) and 2001 respectively whereas AR surgical simulator such as ProMIS was only first studied in 2005 (54) . Endoscopic surgery comprises of procedures such as endoscopy, laparoscopy and urethroscopy. Since VR simulators are completely virtual compared to AR simulators which overlay virtual information over box trainers or mannequins (55), VR simulators may be more versatile and may be able to simulate a more diverse range of surgical procedures (44) . This may lead to more VR simulators being used leading to more research compared to AR simulators.
Unique Uses of VR and AR
In our study, only VR is used in the field of "alcohol" and "vaccines". These studies used virtual patients to train participants on alcohol and vaccines counseling. The strength of VR over the other modalities is that it is completely virtual and thus, allows for the creation of virtual patients for communication skills training (33, 37) . Only AR is used in the field "puncture". The study used AR to overlay lasers on a model of the spine to guide lumbar puncture insertion. The strength of AR over the other modalities is that virtual markers can be superimposed over real-life mannequins and task trainers to guide procedure skills training. (56)
Measured Outcomes
George Miller introduced the prism of clinical competence which has four stages of learning (9) . The stages are "know", "know-how", "show" and "does". As examples, multiple-choice questions (MCQs) are used to test learners in the "know" stage, open-ended questions in "know-how" and simulations in "show". In the "does" stage, learners are evaluated when working in clinical practice. Since the field which was researched the most for VR and AR was surgical procedures, the competence that was measured the most was "show" as the surgical simulators measured parameters such as time taken to complete a procedure. The second greatest competence measured is "know" and this is because anatomy is the second most researched field for both VR and AR. After the XR lesson on anatomy, participants were usually given MCQs to test their knowledge. The few studies that measured the competency "know-how", were on the use of VR and AR in anatomy teaching, and one of the papers measured the ability of participants to draw in missing structures (15) . The only paper which measures the competency "does", was a paper on the use of VR to reduce the rates of influenza vaccine refusal (33) . After counseling training through VR simulation, the rates of influenza vaccine refusal in the clinical practice of the physicians were measured. This is a rare example in our study, where results from real life practice were taken to measure the efficacy of an intervention. The only study on MR measured the competency "show" and it was on the use of MR to train pediatric developmental exams (46) .
Limitations
The terms AR and MR are at times used interchangeably, and it is not always clear when deciding whether technology is strictly AR or MR. Since Web of Science is used, only publications from the top journals are found, limiting the scope of our research. The distinction between the competencies "know" and "know-how" was also at times subjective.
Suggestions for Future Research
More research can be done on the use of MR, for instance, in surgical training. Instead of just having digital markers superimposed over anatomy like in AR, giving users the ability to interact with the digital markers in real time-repositioning or changing it can further enhance training.
Conclusion
This study compared the research trends of VR, AR, and MR in medical education. We found that the amount of research for VR has been increasing since 1993 and that of AR since 2008 possibly due to improvements in computing and the advent of smartphones respectively. Research in MR appeared in 2010 and is still a developing modality. Although both VR and AR are used in surgical training and anatomy teaching, only VR via virtual patients is used to practice communication skills and only the overlay technology in AR is used to practice clinical skills such as lumbar punctures. The competency that was measured the most was "show", as most of the studies were on surgery. We hope to have given insight into which fields these technologies are heading towards in medical education and the factors driving the research.
